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A B S T R A C T

Transition metal oxides deliver high capacity but demonstrate a short cycle life when they are utilized as the 
anode active material in lithium ion batteries. This study offers an innovative solution to this problem by 
designing new composite materials in which, the modification of ternary transition metal oxide by carbon 
nanodots is utilized. Carbon nanodots isolated from Phoenix Dactylifera L. seeds are used by the authors for the 
first time to process hydrothermally produced zinc nickel ferrite powders. Subsequently, the combination is 
treated in a rotating evaporator to provide a uniform mix. Then, the finished product is heated to 600 ◦C in air. 
Once these powders (ternary metal oxide from hydrothermal (Sample 1) and C-dot modified ternary metal oxide 
(Sample 2)) are utilized as anode active materials, Sample 2 performs 1224.74 mAh g− 1 at the 200th cycles upon 
the application of 0.1 mA g− 1 current load in cycling. Sample 2 tested under various current loads ranging from 
0.1 to 2 A g− 1 it delivers 1229.08 mAh g− 1 at the 270th cycle. It is thus demonstrated that through careful 
material selection and process design it is possible to synthesize sustainable anode active materials that could 
withstand high current loads, with long cycle life. It is anticipated that the encouraging outcomes of this study 
would open up new vistas to design sustainable composite anode active materials.

1. Introduction

Rapid population growth and increased energy demands brought 
about by modern technology will pose problems in the creation of a 
sustainable future while preserving a habitable planet. Researchers are 
looking into sustainable solutions to ensure that people’s needs are 
addressed while the environment is conserved. As a result, the effective 
use of renewable energy becomes crucial since it discourages oil- 
dependent growth and supports sustainable development. However, 
the intermittent nature of renewable energy sources highlights the 
critical need for the development of appropriate energy storage tech
nology. Furthermore, these batteries power a wide range of portable 
electronics required for modern life, including electric vehicles.

An essential part of LIBs is the anode, which accomodates lithium 
ions during the charge/discharge cycle. In the state-of-the-art, graphite 
is mostly utilized in commercial batteries as the anode active material 
(AAM). However, the choice of graphite as AAM in the cell is thought to 
be one of the main reasons for LIB performance limitations in terms of 
energy and power densities due to its moderate theoretical capacity (372 
mAh g− 1) and poor rate performance. As a consequence, scientists are 

attempting to either directly replace graphite with carbon-based mate
rials of different kinds (fullerenes [1], porous carbon [2], hard carbon 
[3], and carbon nanodots [4]) or employ them in the creation of com
posite anode active material due to their superior properties (such as 
hydrophobicity, electrical conductivity, hardness, outstanding thermal 
and chemical durability, and optical qualities).

Alternatively, following the study of Tarascon et al. [5] who have 
proposed to use transition metal oxide as anode active material, due to 
their high theoretical capacities, researches on transition metal oxide 
anodes have gained importance. Metal ferrite is a significant candidate 
among various spinel structures for its potential use as an anode material 
in lithium-ion batteries (LIBs) as two different metal cations in a 
single-crystal structure results in distinct properties. Li et al. [6] have 
stated that among metal ferrites, nanosized zinc ferrite (ZnFe2O4) stands 
out as it may have additional reversible alloying reaction with Li, 
providing a theoretical specific capacity of 1000 mAh g− 1 [7]. According 
to Yao et al. [7], zinc ferrite is a promising candidate for LIB anodes due 
to its non-toxicity, environmental friendliness, structural stability, and 
low cost. The possible reactions of ZnFe2O4 with Li is investigated in 
previous studies [8–14]. Although the high theoretical capacity of zinc 
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ferrite attracts the attention, its low electrical conductivity causes poor 
cycle retention. These drawbacks result in poor rate performance and 
cycle retention capabilities, which limit its wide-spread application in 
LIBs. As a solution, nanoengineering [15] has been suggested to shorten 
the Li diffusion length in the solid particle, and composite formation 
[16] has been put forward to solve the problem of volumetric expansion 
and electrical conductivity [17]. Therefore, understanding the structure 
and electrochemical properties of (Ni1-xZnx)Fe2O4 is crucial [14]. 

Zn0 + Li+ + e− ↔ LiZn (Eq1) 

ZnFe2O4 +0.5 Li+ +0.5e− →Li0.5ZnFe2O4 (Eq2) 

Li0.5ZnFe2O4 +1.5 Li+ +1.5e− →Li2ZnFe2O4 (Eq3) 

Li2ZnFe2O4 +6Li+ +6e− → 4Li2O+Zn + 2Fe (Eq4) 

2Fe+ 3Li2O ↔ Fe2O3 + 6Li+ + 6e− (Eq5) 

Zn+ Li2O ↔ ZnO + 2Li+ + 2e− (Eq6) 

Nevertheless, like other TMOs, (Ni1-xZnx).Fe2O4 anode usually suf
fers from poor electrical conductivity due to the strong atomic binding 
energy and unstable structure because of the large volume changes 
occurred in cycling [7]. These drawbacks result in poor rate perfor
mance and cycle retention capabilities, which limit its wide-spread 
application in LIBs. Recently, nanoengineering [15] has been sug
gested to shorten the Li diffusion length in the solid particle, and com
posite formation [16] has been put forward to solve the problem of 
volumetric expansion and electrical conductivity [17]. Chao et al. [18] 
use the metal oxides with carbon derivatives and report that copper 
oxide with graphene nanodot could recover itself even after 30C. Then 
Nan et al. [19] decorate LTO with carbon quantum dots (CQDs) and 
Jiang et al. [20] synthesize N-doped Carbon dots with FeCO3 by hy
drothermal method. The finding shows that the CND improves the 
electrochemical performance as it limits the agglomeration of particles. 
Despite these remarkable developments in material science, it is chal
lenging to guarantee the sustainability of the final product because the 
anode active material synthesis process uses synthetically produced 
starting materials that have a significant negative influence on the 
environment. This fact detrimentally impacts how environmentally 
friendly the manufacturing process is. Therefore, inventing a method for 
enhancing the environmentally friendly features of TMO-based AAM for 
LIBs is essential.

A recent development in nanotechnology and nanoscience, carbon 
dots (CND) have garnered a lot of attention because of their great 
photostability, biocompatibility, affordability, and fluorescent qualities. 
They can also be produced from organic materials, including biowaste. 
Therefore, there is a growing interest in producing CND utilizing scal
able and low-cost production techniques. This concept allows for the 
valorisation of waste, which not only reduces environmental pollution 
but also promotes economic growth. Within this context, Krajewski et al. 
[21] modified lithium titanate (LTO) with bio-derived (i.e.carrot juice) 
carbon nano dot, resulting in superior electrochemical performance, 
eventually.

In this study, first time in the open literature, the seeds of Phoenix 
Dactylifera are used as the initial material to prepare carbon dots. As the 
annual production of the seed is reported to be over 8 million [22], a 
substantial quantity of Phoenix Dactylifera seeds may be employed as 
carbon sources to synthesize diverse polymers or nanostructures [23]. 
Previously the use of Phoenix Dactylifera seed as cellulose source has 
been reported [24]. Studies on the use of CNDs solely in supercapacitors, 
lithium-ion batteries, and sodium-ion batteries have been also con
ducted: Song et al. [4] report the direct use of carbon dots as anode 
active material and its performance is found to be poor due to its limited 
capacity and conductivity. Therefore, in this work, for the first time in 
the literature, CND—which are derived from Phoenix Dactylifera L. Seed, 

being classified as a biowaste—are used to modify zinc ferrite 
((Ni1-xZnx).Fe2O4) in order to be used as AAM in LIB. The results show 
that the application of CND efficiently prevents the agglomeration of 
nanosized zinc ferrite particles, resulting in higher specific capacity and 
rate capability.

2. Experimental

2.1. Raw materials used in the experiments

Iron sulfate heptahydrate, nickel sulfate hexahydrate, zinc sulfate 
heptahydrate and hydrogen peroxide (vol. %50) of technical grade were 
used. Ammonium hydroxide (~25 % NH3 basis) was of Merck quality.

Date seeds (Phoenix Dactylifera L.) were obtained from the local 
market.

2.2. Material synthesis

2.2.1. Carbon nanodot synthesis
Date seeds (Phoenix Dactylifera L.) were heat treated at 300 ◦C for 2 h 

in an air atmosphere. Subsequently, 1 g of the heat-treated date seeds 
was ground in a planetary ball mill (Retsch PM100) for 5 h at 400 rpm. 
To achieve a uniform dispersion in the solvent, 200 mg of this finely 
carburized powder was added to 10 mL of water and the mixture was 
processed in an ultrasonic bath filled with ice water. Next, 20 mL of 30 % 
hydrogen peroxide (H2O2) was added into the solution which was 
heated to 80 ◦C. Following 10 min of vigorous mechanical stirring, an 
extra 5 mL of a 30 % H2O2 solution was added to the solution. In less 
than 40 min, H2O2 was added four times in to the micture. When the 
reaction was accomplished, the mixture contained 40 mL of H2O2. 
Finally, the solution was stirred for three more hours. The liquid was 
then boiled to eliminate any excess H2O2, and carbon nanodots were 
collected by diluting it with distilled water [25].

2.2.2. Ternary transition metal oxide synthesis
5 mmol each of iron, zinc, and nickel sulfates were mixed together 

for an hour at room temperature. After adding NH4OH (14 M) to bring 
the mixture’s pH to 10, the mixture was agitated for 3 h, then placed into 
the hydrothermal reactor (at 150 ◦C for 24 h). Once the reaction was 
completed, the particles were collected using a centrifuge with two cy
cles of washing with ethanol, then water at 4000 rpm for 20 min each. 
The precipitate obtained was then calcined for 3 h at 800 ◦C in air. The 
produced sample was labeled as Sample 1.

2.2.3. Carbon dots modified ternary transition metal oxide synthesis
Firstly, Sample 1 (as defined in section 2.2.2. Ternary transition 

metal oxide synthesis) and the carbon nanodot solution (as defined in 
section 2.2.1.Carbon nanodot synthesis) were mixed in Buchi Rotava
por® R-300. Then, the mixture was heated under vacuum (500 mbar, 
90 ◦C, 45 min 80 rpm). Once the solvent was completely removed, the 
precipitate was dried under a vacuum overnight (110 ◦C 12 h). Then, 
Sample 2 was prepared by heat-treating the mixture in air atmosphere 
(at 600 ◦C for 4 h) (see Supp.Fig. S1).

2.2.4. Electrode synthesis
Samples 1 and 2 were used as anode active material (AAM). The 

slurry’s composition had 80%wt active powder (Sample 1, Sample 2), 
10%wt PVDF (polyvinylidene fluoride, MTI HSV900) and 10%wt Super 
P conductive (TICMAL) dissolved in NMP (N-Methyl-2-pyrrolidone, 
Merck). All compounds were blended in a Thinky ARE250 to create 
electrode slurries. Dr. Blade was utilized followed by casting slurries 
onto copper foils that were 15 μm thick. After 8 h at 80 ◦C and 16 h at 
120 ◦C under vacuum drying, the electrodes were cold-rolled to a 
thickness of less than 30 μm.

CR2032 coin-type half-cells were assembled in an argon-filled glo
vebox (MBRAUN, Labmaster; H2O < 0.1 ppm O2 < 0.1 ppm) in order to 
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assess the electrochemical performances of the electrodes. Each cell was 
composed of the following components: an electrolyte (Merck Battery 
Grade electrolyte solution, 1 M LiPF6 dissolved in ethylene carbonate- 
dimethyl carbonate, EC: DMC 1: 1), a separator (Celgard 2400), a 
counter electrode (Li metal foil), and a working electrode (Sample 1, 
Sample 2). The mass loading of active materials was 0.3 mg/cm2 in 
average.

2.3. Structural and morphological characterization

2.3.1. Ternary transition metal oxide based powders
X-ray diffractometer (Bruker D2 Phaser, Cu Kα) was used to examine 

structural characteristics with 2θ = 10–70◦ scanning at a rate of 0.02◦/ 
sec. Morphological investigations of Samples 1, 2 as well as ex-situ 
analysis of each electrode after 1st charge and 1st discharge reactions 
were performed via Zeiss Gemini 500 Scanning Electron Microscope. For 
detailed characterization of carbon nanodots, Transmission Electron 
Microscopy (TEM, by JEOL JEM 2100Plus) was used. To determine 
existing bonding, X-ray photoelectron Spectroscopy (XPS) was per
formed by Thermo K-Alpha.

2.3.2. Carbon nanodot analysis
UV–VIS spectroscopy was used to assess the optical characteristics. 

Measurements of absorbance spectra were conducted in the range of 
300–700 nm, while fluorescence was measured at various excitation 
wavelengths using the SpectraMax i3 Multi-Mode Platform from Mo
lecular Devices.

2.4. Electrochemical characterization

2.4.1. Galvanostatic testing
Neware battery analyzer was used for measurement. At a current 

load of 100 mA g− 1, each electrode’s cycling performance was assessed 
between 10 mV and 3 V (vs Li/Li+). The rate performance of each 
electrodes were then recorded when varying current loads (ranging from 
100 mA g− 1 to 2000 mA g− 1) were applied on each electrode.

2.4.2. Potentiostatic testing
Gamry 1000E was used as potentiostat. Cyclic voltammograms (CV) 

of Samples 1, 2 were recorded in half-cells in order to examine the 
lithiation reactions. For the first four cycles, CV curves were scanned at a 
rate of 0.2 mV s− 1 between 10 mV and 3 V (versus Li/Li+).

Additionally, impedance measurements were done at discharged 
states (vs Li/Li+) in the half-cell. The Gamry Interface 1000E was used to 
obtain electrochemical impedance spectra (EIS) and Gamry Echem An
alyst was used for modelling.

3. Results and discussion

3.1. Structural, morphological and chemical characterizations

3.1.1. Carbon nanodots
Carbon nanodots are derived from Phoenix Dactylifera L. seeds (Im

ages taken from different stages of the process are given in Figs. S2a–f) 
following the ‘chemical oxidation’ principles [25–27]. It is known that 
the date seeds contain 22.5–80.2%wt. dietary fibers (cellulose, hemi
cellulose, and lignin) and other ingredients [24]. As mentioned in the 
experimental section, seeds are first washed then treated in 300 ◦C in air 
ambient to remove proteins, oils etc. and carburize the waste [28]. 
300 ◦C is chosen for carburization following Babiker et al. [29] who 
claim that high temperatures (200–700 ◦C) are required for the break
down of lignocellulosic components; and, Kamal et al. [30] report that 
Phoenix Dactylifera L. seeds had minimal lignin content. Therefore, it is 
anticipated that 3000C would be adequate to carburize seeds of Phoenix 
Dactylifera L.

In the fabrication of carbon nanodots, carburized powder is treated 

with H2O2 since OH− radicals in H2O2 could selectively oxidize carbon 
chain and form CO2 and H2O at moderate temperature (80 ◦C), resulting 
in the formation of carbon nanodots suspension, eventually [25]. The 
absorbance graph of CNDs (Fig. S3a) shows that a peak at 300 nm is 
associated with the π-π* graphitic electron transition. Additionally, 
peaks associated with the n-π* transition and the π conjugated aromatic 
system that are displayed by carbonyl and other oxygen-containing 
compounds are also noted [31]. Fig. S3b reveals that carbon nanodots 
based on cellulose have similar spectra [31]. A minor change in the 
spectra’s various excitation wavelengths is also visible in Fig. S3b. The 
emission peak red-shifts from 453 nm to 540 nm as the excitation 
wavelength varies from 290 nm to 405 nm, are attributable to surface 
energy traps, radiative recombination of electrons and holes, and maybe 
polycyclic aromatic molecules inside CNDs [32]. Moreover, the excita
tion wavelength-dependent fluorescence emission behavior of CNDs is 
frequently caused by surface defects rather than the band gap transition 
of conjugated π domains, which is believed to be crucially important for 
high rate anode [32,33].

3.1.2. Carbon dot modified ternary transition metal oxide based powders
For the synthesis of ternary oxide, equal stochiometric amount of 

metal sulfate salts (mentioned in experimental section) and ammonium 
hydroxide (NH4OH) have been used to prepare the hydrothermal solu
tion. Ammonium hydroxide releases OH− ions and increases pH of the 
solution which leads to the formation of metal hydroxide according to 
the literature (Eq(s 7)–(12)) [31–34]. 

NH4OH ↔ NH+
4 + OH− (Eq7) 

FeSO4 → Fe2+ + SO2−
4 (Eq8) 

Fe2+ +2OH− →Fe(OH)2 (Eq9) 

Zn2+ +4OH− →Zn(OH)
2−
2 (Eq10) 

Zn(OH)
2−
2 → ZnO+H2O + 2OH− (Eq11) 

Ni2+ +2OH− →Ni(OH)2 (Eq12) 

In this work, hydrothermal reaction conditions (temp (150 ◦C), 
duration (24 h), filling ratio (vol/vol%100), metal salt molarity (0.025 
M)) are chosen to obtain submicron sized ternary ferrite particles for
mation (The experimental parameters and outcomes where the best 
results were attained are presented here; the actual results of the tests 
conducted for optimization are not provided in this manuscript). Ac
cording to Velmurugan et al. [35], a ternary oxide can form in an 
alkaline medium under heating conditions (150 ◦C) of hydrothermal 
reaction. 

(1 − x)Ni(OH)2. xZn(OH)2. 2Fe(OH)3 ̅̅̅̅̅̅̅̅→
under heating Ni1− xZnxFe2O4.nH2O

(Eq13) 

Hydrothermal reaction followed by heat treatment reveals that (Ni, 
Zn)Fe2O4 phase is formed following Eq. (13). The result shows that the 
powder has revers spinel structure. Reddy et al. [14] have reported that 
such structure performs low capacity but good retention due to hybrid 
structure. In the unit cell, nickel and iron in a spinel structure have no 
order in their positions and Zn positions mostly at the surface of the 
particle [36], thus the heat treatment of the particle at 800 ◦C causes 
partial oxidation of Zn followed by the formation of (Ni, Zn)Fe2O4 and 
ZnO (Sample 1).

A scrutiny look in XRD reveals that peaks related to (Ni, Zn)Fe2O4 
(00-008-0234) (2Θ = 18.28, 30.02, 35.52, 36.99, 42.95, 53.5, 57.17, 
62.57 and 74.04), and ZnO (2Θ = 31.94, 34.43) are noted in both 
samples. All samples have spinel structure in agreement with the liter
ature [14,38,40] (Fig. 1a–c).

According to SEM images (Fig. 2a–c), both samples have pseudo 
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cubic morphology and in both samples particle dimensions are under 
100 nm. A scrutiny look reveals that carbon nanodot treatment inhibits 
particle agglomeration, observed elsewhere [4].

To study the distribution of CND in the oxide powder, TEM exami
nation is performed on Sample 2. Fig. 3a gives general image of Sample 2 
which agrees with the SEM image (Fig. 2b). Fig. 3b proves the preva
lence of zinc nickel ferrite in the powder as (111) plane of (Ni,Zn)Fe2O4 
is clearly seen. Moreover, ZnO presence on particle surface is revealed in 
Fig. 3c. Swaminathan et al. have explained the formation of ZnO thin 
film on the surface [36] due to volatilization of zinc [38]. (220) plane is 
also observed on the same particle core (Fig. 3c). In Fig. 3d, (111) plane 
is observed for (Ni,Zn)Fe2O4 which is the most preferred orientation due 

to highest theoretical intensity value according to 00-008-0234 card. On 
the surface of particles, there are some dot like clusters which demon
strate heterogenous accumulation for carbon nanodots on ternary oxide 
particle. According to Fig. 3d and e, carbon nanodots are marked and 
measured for their diameter which are 1 ± 0.2 nm. The size of carbon 
nano particles is similar with Hu et al. study [25] which have been used 
H2O2 treatment on coal particles.

XPS survey (Fig. 4a–e) has been performed to determine bonding 
types of elements in carbon dots modified sample (Sample 2). The peak 
at 854.9 eV shows the existence of Ni2p2/3 which reveals the existence 
of Ni2+ in the spinel ferrite system [39]. Zinc exhibits peaks at 1021.40 
eV and 1044.37 eV which are ascribed to Zn2p2/3 and Zn2p1/3 related 

Fig. 1. XRD investigations a) Sample 1 b) Sample 3.

Fig. 2. SEM images a) Sample 1 b) Sample 2.
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to the oxidation state of Zn2+, in the ferrite [40], and in the zincite, 
respectively. Iron has two peaks at 724.26 eV and 710.8 eV which 
correspond to Fe2p1/3 and Fe2p2/3, respectively [41]. Oxygen peak is 
deconvoluted: the peak at 529.4 eV corresponds to lattice oxygen [42]. 
529.2 eV and 529.6 eV are associated with Fe-O and Zn-O, respectively 
[43]. Fe-O and Zn-O binding energy values are close to 529.4 eV which 
result from the redistribution of tetrahedral and octahedral sites. Peaks 
related to carbon are also deconvulated: at 531 eV a peak showing the 
oxygen binding to carbon nanodot is noted [44]. Moreover, at 532.19 eV 
a peak related to C–O–C/C–OH binding is seen. When the peak of C is 
deconvulated, three peaks are characterized: the peak at 284.45 eV 

reveals the presence of C=C (sp2)/C-C (sp3) [45], while the peak at 
286.54 eV exhibits the C-OH binding [46], and the peak at 288.44 eV 
demonstrates the existence of C=O binding [47]. Those peaks all reveal 
the carbon nanodots’ existence after heat treatment of Sample 2 in air, 
with no further reduction of metal oxide in the powder. Therefore, no 
peak related to metal formation (Zn,Fe,Ni) is noted in Sample 2, which is 
taken to mean that treatment of the ternary metal oxide with C-dots in 
600 ◦C air atmosphere does not lead to reduction reaction.

Additionally, Raman analysis has been performed for further inves
tigation (Fig. 4f). There are peaks related to Zn-O (at 317 cm− 1) [48], 
Ni-O (at 475 cm− 1) [49], Fe-O (at 669 cm− 1) [50], D-band (at 1345 

Fig. 3. TEM analysis a)general imaging b) (111) plane for (Ni,Zn)Fe2O4 c) (220) plane for (Ni,Zn)Fe2O4 and (002) plane for ZnO d) (311) and (220) planes for (Ni, 
Zn)Fe2O4 and accumulated carbon nanodots on the particle surface e) (220) plane for (Ni,Zn)Fe2O4 and accumulated carbon nanodots on the particle surface.
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cm− 1) [51] and C=O stretching bond (at 1750 cm− 1) [52]. These ana
lyses are further proof for the existence of carbon dots and metal oxide 
formation [53].

3.2. Electrochemical performances of modified ternary metal oxides

To determine the electrochemical properties of both samples, half 
cells are assembled and electrodes are tested between 10 mV and 3 V (vs 
Li) under a current load of 0.05 A g− 1 for 2 cycles then 0.1 A g− 1 for 200 
cycles. Sample 1 and Sample 2 demonstrate 538.07 mAhg− 1 and 1933.9 
mAh g− 1 as 1st discharge capacities when 50 mA g− 1 current load is 
applied. After the 2nd cycle at 50 mA g− 1, Sample 1 and Sample 2 
deliver 348.4, and 1235 mAh g− 1 discharge capacities with 99.0 % and 
99.99 % capacity retention after 200 cycle. Fig. 5a demonstrates that 
Sample 1 shows a progressive decrease whilst Sample 2 exhibits first a 
decrease followed by an increase in the capacity. Such fluctuations in the 
cycle performance of Sample 2 is seen in nanometers-sized TMO anodes. 

Keller et al. [54] have argued that the fluctuation is related to the 
intermetallic formation occurring in discharge. Moreover, formation of 
SEI could cause capacity fluctuation during cycling [55,56]. Song et al. 
[4] have mentioned that carbon nanodot could generate internal stresses 
in cycling and limit the dramatic effect (such as pulverization, delami
nation etc) of volumetric changes. When looking for performance under 
different current loads, Sample 1 reveals the poorest performance. Un
like Sample 1, Sample 2 delivers superior capacity than graphite and 
LTO: 540 mAh g− 1 at 1 A g− 1 and 450 mAh g− 1 at 2 A g− 1 (Fig. 5b). 
When the capacity voltage profiles of samples are studied, 2 plateaus at 
the 1st discharge become apparent around 0.7 V and 0.55 V. According 
to Wang et al. [57], the initial discharge profile indicates the lithiation of 
(Ni, Zn)Fe2O4, while the second plateau at 0.55 V is attributed to the 
lithiaton of metal oxide (i.e. NiO and ZnO) with Li [58,59] (see Fig. 6). 

NixZn1− xFe2O4 +8 Li+ +8e− → x Ni+(1 − x)Zn+ 2Fe + 4 Li2O (Eq14) 

After the 1st discharge, lithiation reactions are realizedaccording to 

Fig. 4. XPS survey for Sample 2 a) XPS spectrum b)Zn spectrum c) Fe spectrum d) O spectrum e) carbon spectrum. f) Raman spectrum for Sample 2.
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Eq(15)–(17) [37]: 

x Ni+(1 − x)Zn + Li2O ↔ xNiO + (1 − x)ZnO + 2Li+ + 2e− (Eq15) 

Fe+ Li2O ↔ FeO + 2Li+ + 2e− (Eq16) 

2Fe+ 3Li2O ↔ FeO + 6Li+ + 6e− (Eq17) 

To study the surface reaction of each electrode, CV test is applied. 
Fig. 7a and b show that each electrode has peaks at 0.25, 0.3 and 0.7 V 
during the 1st cathodic scan of CV test. The cathodic peaks are believed 
to be related to the reduction of the electrolyte as well as that of the zinc 
ferrite (Ni, Zn)Fe2O4 [37], as defined previously [60,61] (Fig. 7a and b). 

The comparison of the 1st CV curve reveals that apart from the existence 
of carbon dots, no additional peak is noted but the peak intensities are 
larger in sample 2. This fact verifies that carbon dots do not react with Li, 
but promote the SEI formation as well as the reduction of zinc ferrite (Ni, 
Zn)Fe2O4. In the 1st anodic scan, a peak (around 1.7 V) is presented 
which is related to oxidation of ternary metals in the structure. 
Following 1st cycle, both electrodes reveal changes in peak positions 
and intensities. From 2nd to 4th cycles, high reversibility is noted on the 
surface reaction of each electrode following Eq (14). The cathodic peaks 
noted at 1 and 1.3V show structural rearrangement [37], in anodic scan, 
the oxidation peak at 1.7V reveals Zn0 and Fe0 oxidation [37].

Fig. 8a–c depict the EIS data collected for Samples 1 and 2, and the 

Fig. 5. The capacity cycle graps of all samples between 10 mV and 3 V a) at 0.1 Ag-1 current load b) under different current load: rate test performance.

Fig. 6. Capacity-Voltage curves for a) Sample 1 b) Sample 2.
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equivalent circuit models, respectively. The morphologies of the EIS 
spectra are similar, consisting of two semicircles and one slope line 
(Fig. 8a and b). An intercept at high frequency is related to the ohmic 
uncompensated resistance (Runcomp). The first semicircle at high fre
quency corresponds to SEI, whereas the second semicircle represents 
charge transfer at the electrode/electrolyte interface. The inclined line 
at low frequency corresponds to the Warburg impedance (W), which 
denotes the solid state diffusion of Li+ ions into the anode active ma
terial. Fig. 8a and b shows that both samples have low initial uncom
pensated ohmic resistance (Rumcomp) values in the first and twentieth 
discharged states. This evidently demonstrates that both half-cells are 
successfully assembled, with a low internal resistance loss. In both 
samples, SEI (RSEI) and charge transfer (RCh) resistances are reduced 
from the 1st to 20th cycles. This is explained by the presence of a stable 
SEI film formation at the electrode/electrolyte interface. A compre
hensive examination reveals that the charge transfer resistance in sam
ple 2 modified with C-dot is lower than sample 1 in both 1st and 20th 
cycles. This is explained by the fact that C-dot modification makes 
charge transfer easier, which improves Sample 2’s rate performance, 
eventually. Data from EIS are compatible with galvanostatic test results.

Ex-situ images for electrodes after charge and discharge are inves
tigated for further explanation. In Sample 1, some swollen particles are 

noted and cracks are observed after the 1st discharge reaction (Fig. 9a). 
Then in charged state of Sample 1, small particles are observed with 
partial agglomeration forming clusters. Unlike Sample 1, Sample 2 has 
no crack formation in the discharged state as C-dot existence inhibits the 
agglomeration of particles and controls the volumetric expansion. 
Sample 2 at 10 mV has a homogenous electrode surface. After charge to 
3 V, Sample 2 has a more homogenous surface texture.

Ex-situ investigations shows that carbon nano dot modification leads 
to better SEI formation than pristine sample. Song et al. [4] mentioned 
that carbon nano dots have a protective role during lithiation and 
delithiation. According to ex-SEM images (Fig. 9a–d), Sample 2 has 
carbon nanodots protective effect during lithiation and delithiation.

4. Conclusion

This article describes an alternative process for producing high- 
energy density anode active material for lithium-ion batteries. 
Initially, a ternary metal oxide is prepared using a hydrothermal process 
(Sample 1). This oxide powder is modified with carbon dots generated 
from Phoenix Dactylifera L. Seed (Sample 2) to create a unique composite 
in an environmentally benign manner.

The material selection and process design approaches described in 

Fig. 7. CV curves for a) Sample 1 b) Sample 2.

Fig. 8. EIS test results of a)Sample 1 and b)Sample 2 at 1st discharge and 20th discharge states.c) Equivalent circuit.
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this work are novel, and the outcomes are remarkable, as outlined 
below. 

⋅ For the first time, carbon dots were produced from Phoenix Dactyli
fera L. Seed using a chemical oxidation process. A strong PL emission 
peak located at 460 nm was observed with an excitation wavelength 
of 360 nm.

⋅ For the first time, the resulting C-dot was integrated into the ternary 
metal oxide using a rotary evaporator. TEM results showed that by 
treating C-dots and ternary metal oxide together in a rotary evapo
rator, an integration of C-dots to the metal oxide was achievable.

⋅ The heat treatment of Cdot-modified ternary metal oxide resulted in 
reduced particle size as the carbon nanodot in the composite 
inhibited agglomeration.

⋅ C-dot modified ternary metal oxide was used as the anode active 
material, and its performance was tested galvanostatically. Thanks to 
the presence of these C-dots, the charge transfer resistance in ternary 
metal oxides was decreased and the SEI formation was differentiated, 
resulting in better capacity, higher cycle retention and improved 
performance under high current loads
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